On the ballast-sleeper interaction in the longitudinal and lateral directions by De Iorio, Antonio et al.
Research Archive
Citation for published version:
Antonio De Iorio, Marzio Grasso, Francesco Penta, Giovanni Pio 
Pucillo, Stefano Rossi, and Mario Testa, ‘On the ballast–sleeper 
interaction in the longitudinal and lateral directions’, 
Proceedings of the Institution of Mechanical Engineers, Part F:  
Journal of Rail and Rapid Transit, Vol. 232 (2): 620-631, 
February 2018.
DOI:
https://doi.org/10.1177/0954409716682629
Document Version:
This is the Accepted Manuscript version. 
The version in the University of Hertfordshire Research 
Archive may differ from the final published version.  
Copyright and Reuse: 
Copyright 2016 The Author(s).
This manuscript version is made available under the terms of 
the Creative Commons Attribution licence 
(http://creativecommons.org/licenses/by/4.0/), which permits 
unrestricted re-use, distribution, and reproduction in any 
medium, provided the original work is properly cited.  
Enquiries
If you believe this document infringes copyright, please contact the 
Research & Scholarly Communications Team at rsc@herts.ac.uk
For Peer Review






$ERXWWKHEDOODVWVOHHSHULQWHUDFWLRQLQWKHORQJLWXGLQDODQG
ODWHUDOGLUHFWLRQV


-RXUQDO 3DUW)-RXUQDORI5DLODQG5DSLG7UDQVLW
0DQXVFULSW,' -5575
0DQXVFULSW7\SH $UWLFOH
'DWH6XEPLWWHGE\WKH$XWKRU 6HS
&RPSOHWH/LVWRI$XWKRUV 'H,RULR$QWRQLR)HGHULFR,,8QLYHUVLW\'HSDUWPHQWRI,QGXVWULDO
(QJLQHHULQJ
*UDVVR0DU]LR8QLYHUVLW\RI+HUWIRUGVKLUH6FKRRORI(QJLQHHULQJDQG
7HFKQRORJ\
3HQWD)UDQFHVFR)HGHULFR,,8QLYHUVLW\'HSDUWPHQWRI0HFKDQLFVDQG
(QHUJHWLFV
3XFLOOR*LRYDQQL3LR)HGHULFR,,8QLYHUVLW\'HSDUWPHQWRI,QGXVWULDO
(QJLQHHULQJ
5RVVL6WHIDQR5HWH)HUURYLDULD,WDOLDQD'LUH]LRQH7HFQLFD6WDQGDUG
7HFQRORJLFLH6SHULPHQWDOL$UPDPHQWR
7HVWD0DULR5HWH)HUURYLDULD,WDOLDQD'LUH]LRQH7HFQLFD6WDQGDUG
7HFQRORJLFLH6SHULPHQWDOL$UPDPHQWR
.H\ZRUGV %DOODVWUHVLVWDQFHUDLOZD\WUDFN7UDFNEXFNOLQJ&:57UDFN6XSHUVWUXFWXUHIXOOVFDOHWHVW
$EVWUDFW
,QVHUYLFHUDLOZD\WUDFNVPXVWZLWKVWDQGWUDQVYHUVHDQGORQJLWXGLQDOIRUFHV
DULVLQJIURPUXQQLQJYHKLFOHVDQGWKHUPDOORDGV7KHPHFKDQLFDOGHVLJQ
DGRSWLQJDQ\RIWKHWUDFNPRGHOVDYDLODEOHLQWKHWHFKQLFDOOLWHUDWXUH
UHTXLUHVWKDWWKHVWUHQJWKRIWKHWUDFNLVIXOO\FKDUDFWHUL]HG,QWKLVSDSHU
WKHUHVXOWVRIDQH[SHULPHQWDOUHVHDUFKDFWLYLW\RQWKHVOHHSHUEDOODVW
UHVLVWDQFHDORQJWKHODWHUDODQGWKHORQJLWXGLQDOGLUHFWLRQVDUHUHSRUWHGDQG
GLVFXVVHG,QSDUWLFXODUWKHZRUNLVDLPHGDWLGHQWLI\LQJWKHVWUHQJWK
FRQWULEXWLRQVRIIHUHGE\WKHEDVHWKHEDOODVWEHWZHHQWKHVOHHSHUVDQG
WKHEDOODVWVKRXOGHUWRWKHJOREDOUHVLVWDQFHRIWKHWUDFNLQWKHKRUL]RQWDO
SODQH7KHVHODWWHUTXDQWLWLHVZHUHH[SHULPHQWDOO\GHWHUPLQHGE\PHDQVRI
DQDGKRFV\VWHPGHVLJQHGE\WKHDXWKRUV)LHOGWHVWVZHUHFDUULHGRXWRQ
DVHULHVRIWUDFNVHFWLRQVWKDWZHUHEXLOWWRVLPXODWHVFHQDULRVLQZKLFKWKH
EDOODVWZDVUHPRYHGIURPWKHFULEDQGRUWKHVKRXOGHU7KHUHVXOWVRIWKLV
VWXG\LQGLFDWHWKDWDVIDUDVWKHVFHQDULRVKHUHLQYHVWLJDWHGDUH
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FRQFHUQHGWKHVWUHQJWKSHUFHQWFRQWULEXWLRQVIURPWKHFULEWKHVOHHSHU
EDVHDQGWKHVKRXOGHUDUHUHVSHFWLYHO\HTXDOWRDERXWDQG
LQWKHODWHUDOGLUHFWLRQDQGDQGLQWKHORQJLWXGLQDORQH
0RUHRYHUWKHFRPSDULVRQRIWKHDFTXLUHGGDWDZLWKOLWHUDWXUHUHVXOWV
UHYHDOVWKDWDGHWDLOHGNQRZOHGJHERWKRIWKHWHVWLQJFRQGLWLRQVDQGWKH
DFWLYDWHGEDOODVWIDLOXUHPHFKDQLVPVDUHQHHGHGLQRUGHUWRFRUUHFWO\XVH
WHVWGDWDIRUGHVLJQSXUSRVH


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$ERXWWKHEDOODVWVOHHSHULQWHUDFWLRQLQWKHORQJLWXGLQDODQGODWHUDO
GLUHFWLRQV

$QWRQLR'H,RULR0DU]LR*UDVVR)UDQFHVFR3HQWD*LRYDQQL3LR3XFLOOR6WHIDQR
5RVVLDQG0DULR7HVWD

$EVWUDFW
,QVHUYLFHUDLOZD\WUDFNVPXVWZLWKVWDQGWUDQVYHUVHDQGORQJLWXGLQDOIRUFHVDULVLQJIURP
UXQQLQJ YHKLFOHV DQG WKHUPDO ORDGV7KHPHFKDQLFDOGHVLJQ DGRSWLQJ DQ\RI WKH WUDFN
PRGHOVDYDLODEOHLQWKHWHFKQLFDOOLWHUDWXUHUHTXLUHVWKDWWKHVWUHQJWKRIWKHWUDFNLVIXOO\
FKDUDFWHUL]HG ,Q WKLV SDSHU WKH UHVXOWV RI DQ H[SHULPHQWDO UHVHDUFK DFWLYLW\ RQ WKH
VOHHSHUEDOODVW UHVLVWDQFH DORQJ WKH ODWHUDO DQG WKH ORQJLWXGLQDO GLUHFWLRQV DUH UHSRUWHG
DQGGLVFXVVHG,QSDUWLFXODUWKHZRUNLVDLPHGDWLGHQWLI\LQJWKHVWUHQJWKFRQWULEXWLRQV
RIIHUHG E\ WKH EDVH WKH EDOODVW EHWZHHQ WKH VOHHSHUV DQG WKH EDOODVW VKRXOGHU WR WKH
JOREDO UHVLVWDQFH RI WKH WUDFN LQ WKH KRUL]RQWDO SODQH 7KHVH ODWWHU TXDQWLWLHV ZHUH
H[SHULPHQWDOO\GHWHUPLQHGE\PHDQVRIDQDGKRFV\VWHPGHVLJQHGE\WKHDXWKRUV)LHOG
WHVWVZHUHFDUULHGRXWRQDVHULHVRIWUDFNVHFWLRQVWKDWZHUHEXLOWWRVLPXODWHVFHQDULRV
LQZKLFKWKHEDOODVWZDVUHPRYHGIURPWKHFULEDQGRUWKHVKRXOGHU7KHUHVXOWVRIWKLV
VWXG\LQGLFDWHWKDWDVIDUDVWKHVFHQDULRVKHUHLQYHVWLJDWHGDUHFRQFHUQHGWKHVWUHQJWK
SHUFHQWFRQWULEXWLRQV IURPWKHFULE WKHVOHHSHUEDVHDQGWKHVKRXOGHUDUH UHVSHFWLYHO\
HTXDOWRDERXWDQGLQWKHODWHUDOGLUHFWLRQDQGDQGLQ
WKH ORQJLWXGLQDO RQH 0RUHRYHU WKH FRPSDULVRQ RI WKH DFTXLUHG GDWD ZLWK OLWHUDWXUH
UHVXOWVUHYHDOVWKDWDGHWDLOHGNQRZOHGJHERWKRIWKHWHVWLQJFRQGLWLRQVDQGWKHDFWLYDWHG
EDOODVW IDLOXUH PHFKDQLVPV DUH QHHGHG LQ RUGHU WR FRUUHFWO\ XVH WHVW GDWD IRU GHVLJQ
SXUSRVH

.H\ZRUGVEDOODVWUHVLVWDQFHUDLOZD\WUDFNWUDFNEXFNOLQJ&:5WUDFNVXSHUVWUXFWXUH
IXOOVFDOHWHVW

'HSDUWPHQWRI,QGXVWULDO(QJLQHHULQJ8QLYHUVLW\RI1DSOHV
)HGHULFR,,1DSOHV,WDO\
6FKRRORI(QJLQHHULQJDQG7HFKQRORJ\8QLYHUVLW\RI
+HUWIRUGVKLUH8.
7HFKQLFDO0DQDJHPHQW7HFKQRORJLFDODQG([SHULPHQWDO
6WDQGDUG6XSHUVWUXFWXUH5HWH)HUURYLDULD,WDOLDQD5RPH,WDO\
1RZUHWLUHG
&RUUHVSRQGLQJDXWKRU
*LRYDQQL3LR3XFLOOR'HSDUWPHQWRI,QGXVWULDO(QJLQHHULQJ
8QLYHUVLW\RI1DSOHV)HGHULFR,,3OH97HFFKLR
1DSOHV,WDO\
(PDLOJSXFLOOR#XQLQDLW
 
Page 2 of 41
http://mc.manuscriptcentral.com/JRRT
Journal of Rail and Rapid Transit
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
,QWURGXFWLRQDQGEDFNJURXQG
$OWKRXJK&RQWLQXRXV:HOGHG5DLO&:5KDVVROYHGPDQ\RIWKHSUREOHPVDVVRFLDWHG
ZLWK WUHDG VXUIDFH GLVFRQWLQXLWLHV WKDW RFFXU LQ MRLQWHG WUDFNV WKH SUHVHQFH RI
FRPSUHVVLYH VWUHVVHV LQ WKH UDLOV FDXVHG E\ WKH VRODU KHDWLQJ DQG WKH ORQJLWXGLQDO
FRQVWUDLQW DFWLRQ GXH WR WKH EDOODVW FRPSHO UDLOURDG HQJLQHHUV LQVSHFWLQJ FRQWLQXRXVO\
WKH OLQHV DQG FDUU\LQJ RXW WKH UHODWHG PDLQWHQDQFH RSHUDWLRQV WR UHGXFH WKH ULVN RI
WKHUPDO WUDFN EXFNOLQJ D YHU\ FRPSOH[ SKHQRPHQRQ KDYLQJ RIWHQ FDWDVWURSKLF
FRQVHTXHQFHV
5HVHDUFKHUV KDYH IRFXVHG WKHLU DWWHQWLRQ RQ WKH WKHUPDO EXFNOLQJ SKHQRPHQRQ IRU D
ORQJ WLPH DQG QXPHURXV H[SHULPHQWDO DFWLYLWLHV KDYH EHHQ FDUULHG RXW XQWLO QRZ LQ
RUGHU WR LGHQWLI\DQDO\WLFDOPRGHOVDQGGHVLJQSUDFWLFHV WKDWDOORZSURSHUFRQVWUXFWLRQ
RIWKHWUDFNDJDLQVWWKLVIDLOXUHPRGH
6WXGLHVRQWKHUPDOWUDFNEXFNOLQJVWDUWHGLQWKHILUVWGHFDGHVRIWKHODVWFHQWXU\.HUULQ
>@FULWLFDOO\VXUYH\HGPRVWUHVXOWVRIWUDFNEXFNOLQJWHVWVDVZHOODVWKHPDLQWKHRUHWLFDO
DQDO\VHVRIWUDFNEXFNOLQJSXEOLVKHGEHIRUHWKH,QPRVWVWXGLHVFDUULHGRXWVLQFH
WKHQ LQRUGHU WRDQDO\VHWKHSKHQRPHQRQ LQJUHDWHUGHWDLODQHTXLYDOHQWEHDPKDYLQJ
WKH VDPH FURVVVHFWLRQ DQG URWDWLRQDO LQHUWLD DV WKH UHDO WUDFN >·@ UHSODFHG WKH
UDLOVOHHSHU VWUXFWXUH7KHVHEHDPPRGHOVDUHTXLWH LQWXLWLYHEXW WKH\FDQQRW WDNH LQWR
DFFRXQWWKHVWURQJLQIOXHQFHRIWKHWRUVLRQDOVWLIIQHVVRIWKHIDVWHQHUVQRUWKHHIIHFWVRI
PLVVLQJWLHVDQGIDVWHQHUVEHLQJWKHEHDPFRQWLQXRXVO\FRQVWUDLQHGWRWKHEDOODVW
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7RRYHUFRPHWKLVODWWHUOLPLWDWLRQ+HQJVWXPDQG(VYHOG>@DQG(O*KD]DO\HWDO>@
DQDO\VHGWKHWUDFNHTXLOLEULXPXQGHUWKHUPDOORDGLQJE\'ILQLWHHOHPHQW)(PHWKRG
)RU WKH VDPH UHDVRQ -DFNVRQ HW DO >@ SURSRVHG WKH UDLOWLH PRGHO D WUDFN ILQLWH
HOHPHQWPRGHOEXLOWE\VXSHUHOHPHQWVWHFKQLTXH
6LQFHWKHUHDOWUDFNEXFNOLQJPRGHVDUHRIWHQGXHWRWKHLQWHUDFWLRQEHWZHHQODWHUDODQG
WRUVLRQDOEXFNOLQJ'PRGHOVDUHWKXVQHFHVVDU\WRVWXG\WKLVLQWHUDFWLRQHIIHFW$)(
PRGHO RI WKLV NLQG ZDV SURSRVHG E\ /HL DQG )HQJ >@ 6LPLODU )( PRGHOV ZHUH
GHYHORSHG>@LQRUGHUWRFDUU\RXWVHQVLWLYLW\DQDO\VHVRIWKHEDOODVWUHVLVWDQFHDQG
WUDFNLUUHJXODULWLHVRQWKHVWDELOLW\RI&:5
$OWKRXJK WKH WKHRUHWLFDO HQTXLULHVZKLFK KDYHEHHQFDUULHG RXW VR IDU UHDFKHG DYHU\
KLJKFRPSOH[LW\OHYHOWKHUHOLDELOLW\RIWKHUHVXOWVRIDQ\DQDO\VLVRIWKHWUDFNEHKDYLRXU
LV VWLOO VWURQJO\ FRQGLWLRQHG E\ WKH XQFHUWDLQWLHV DERXW WKH EDOODVW EHKDYLRXU DQG WKH
LQWHUDFWLRQVRIWKLVODWWHUZLWKWKHWUDFNJUDWH>@
8QWLO QRZ VHYHUDO UHVHDUFKHV DLPHG DW PHDVXULQJ WKH EDOODVW UHVLVWDQFH KDYH EHHQ
FDUULHGRXWDPRQJZKLFKLWLVZRUWK\WRKLJKOLJKWWKRVHFRQGXFWHGLQ86$>·@8.
>@$XVWUDOLD>@DVZHOOWKHPRVWSRSXODUVWXG\FRQGXFWHGE\WKH(XURSHDQ5DLO
5HVHDUFK ,QVWLWXWH (55, >@ 'DWD XQWLO QRZ DFTXLUHG ZHUH REWDLQHG IURP
SDUWLFXODUWUDFNFRQILJXUDWLRQVDQGDVDFRQVHTXHQFHLWLVQRWSRVVLEOHWRXVHWKHPDVD
EDVLV IRU TXDQWLWDWLYH SUHGLFWLRQV RI WKH EDOODVW EHKDYLRXU LQ VFHQDULRV GLIIHUHQW IURP
WKRVH IURP ZKLFK WKH\ ZHUH GHULYHG 0RUHRYHU PRVW RI WKHP UHIHU WR WKH ODWHUDO
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UHVLVWDQFH RQO\ GLVUHJDUGLQJ WKH UROH WKH ORQJLWXGLQDO VWLIIQHVV KDV RQ WKH WKHUPDO
EXFNOLQJRIDEDOODVWHGUDLOZD\WUDFN>@)XUWKHUPRUHWKHH[SHULPHQWDODQDO\VHV
UHSRUWHGLQOLWHUDWXUHGRQRWFRYHUDOOWKHDVSHFWVLQYROYHGLQWKHEDOODVWUHVSRQVH9HU\
RIWHQWKHVFKHGXOHGH[SHULPHQWDODFWLYLWLHVZHUHQRWFRPSOHWHG7KHWHVWVZHUHXVXDOO\
QRWUHSHDWHGZKHQWKH\ZHUHWKHQXPEHURIUHSHWLWLRQVZDVTXLWHORZRULQVRPHFDVHV
IL[HG ZLWKRXW D FULWHULRQ 6RPHWLPHV WKH UHSRUWHG H[SHULPHQWDO UHVXOWV DUH SDUWLDOO\
FHQVRUHGRUGDWDDUHUHIHUUHGWRK\SRWKHWLFDOO\XQLIRUPFRQGLWLRQVHYHQLILQJHQHUDOLW
LVNQRZQWKDW WKHSUHVHQFHRIVLQJXODULWLHV LQWKHVXEJUDGHFDQJUHDWO\DOWHU WKHEDOODVW
EHKDYLRXU
7KH WHVWLQJPHWKRGVFXUUHQWO\DGRSWHG WRPHDVXUH WKH LQ VHUYLFHEDOODVW UHVLVWDQFHDUH
YHU\ ODERULRXVDQG WLPHFRQVXPLQJ >@ ,QRUGHU WR WHQWDWLYHO\RYHUFRPH WKHVH
OLPLWDWLRQVRI WKHPHDVXUHPHQWSUDFWLFHV DQDQDO\WLFDO DSSURDFK IRU WKHHYDOXDWLRQRI
WKHODWHUDOUHVLVWDQFHEDVHGRQDFRQWLQXRXVUHFRUGLQJERWKRIWKHIRUFHVDSSOLHGE\WKH
WDPSLQJPDFKLQHWRWKHWUDFNDQGWKHFRUUHVSRQGLQJWUDFNGLVSODFHPHQWVZDVSURSRVHG
LQ >@ 8QIRUWXQDWHO\ H[SHULPHQWDO SUDFWLFHV ZKLFK DOORZ WKH GLUHFW RU LQGLUHFW
PHDVXUHPHQWRIWKHGLIIHUHQWIULFWLRQDOFRQWULEXWLRQVWRWKHODWHUDOWUDFNVWUHQJWKDUHVWLOO
XQNQRZQ
7KH UHODWLYH LPSRUWDQFHRI WKH WKUHHPDLQFRQWULEXWLRQV WR WKH ODWHUDODQG ORQJLWXGLQDO
VOLGLQJUHVLVWDQFHQDPHO\ WKHVOHHSHUEDVH WKHFULEDQG WKHVKRXOGHUGHSHQGVRQ WKH
WUDFNFURVVVHFWLRQJHRPHWU\EDOODVWJUDLQVL]HDQGVKDSHJUDGHRIEDOODVWFRPSDFWLRQ
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W\SHRIVOHHSHUW\SHRIUDLOVDQGW\SHRIVXEJUDGH$OVRWKHPHFKDQLFDOORDGVDFWLQJRQ
HDFK VOHHSHU H[HUW D JUHDW LQIOXHQFH ,Q SDUWLFXODU DV UHSRUWHG LQ >@ WKH UHVLVWDQFH
RIIHUHG E\ WKH EDVH GHSHQGV RQ WKH YHUWLFDO ORDG ZKLOH WKDW UHODWHG WR WKH FULE DQG
VKRXOGHULVHVVHQWLDOO\UHODWHGWRWKHEDOODVWLQWHUQDOIULFWLRQDQGWKHYROXPHRIWKHJUDLQV
LQWHUHVWHGE\WKHVOHHSHUVPRYHPHQWV>@0RVWRI WKHVWXGLHVFDUULHGRXW WLOOQRZRQ
WKHEDOODVW VWUHQJWK FRQWULEXWLRQV DUHHVVHQWLDOO\ VHQVLWLYLW\ DQDO\VLV FDUULHGRXWE\ WKH
)(PHWKRG >WR FLWH D IHZ @ ,Q >@ OLWHUDWXUH GDWD DQG (55, WHVWV UHVXOWV DUH
DQDO\VHGIRU WKHSDUWLFXODUFDVHRI WKHXQORDGHG WUDFN/DWHUDO VWUHQJWK LV UHSRUWHGSHU
VOHHSHUDQGLVGHILQHGDVWKHSHDNODWHUDOUHVLVWDQFHZLWKLQDGHIOHFWLRQRIDERXWPP
'HWDLOVRI WKHVKRXOGHUVL]HV VOHHSHUVSDFLQJKHLJKWRIEDOODVWDQGEDOODVWPHFKDQLFDO
SURSHUWLHVDUHQRWVSHFLILHG2QWKHEDVLVRIWKHVHUHVXOWVWKH(55,VXJJHVWHGDVUXOHRI
WKXPEWKDWWKHEDVHWKHFULEDQGWKHVKRXOGHUFRQWULEXWHDSSUR[LPDWHO\HDFKWRWKH
ODWHUDO UHVLVWDQFH/H3HQDQG3RZULH >@TXLWHUHFHQWO\GLVFXVVHGVRPHWHVWGDWDDQG
HVWLPDWHGIRUVHYHUDOVKRXOGHUJHRPHWU\DQGVOHHSHUORDGLQJVWKHUHODWLYHFRQWULEXWLRQV
WR WKH WRWDO VOLGLQJ UHVLVWDQFH RI WKH EDVH FULE DQG VKRXOGHU ,Q SDUWLFXODU WKH EDVH
FRQWULEXWLRQ ZDV UHODWHG WR WKH QRUPDO DQG PRPHQW ORDGV XVLQJ WKH %XWWHUILHOG DQG
*RWWDUGLPRGHO>@DQDSSURDFKWKDWDOORZVUHODWLQJWKHEDOODVWIDLOXUHPHFKDQLVPVWR
WKHGLIIHUHQFHVLQWKHFRQWDFWSUHVVXUHWKDWDULVHRQWKHVXUIDFHEHWZHHQWKHEDOODVWDQG
WKH VOHHSHU EDVH ,W LVZRUWK KLJKOLJKWLQJ WKDW WKH H[SHULPHQWDO GDWD GLVFXVVHG LQ >@
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For Peer Review
ZHUHSURGXFHGLQDODERUDWRU\E\WKHVLQJOHWLHSXVKWHVWDQH[SHULPHQWDOPHWKRGVWKDW
WHQGVRIWHQWRRYHUHVWLPDWHWKHEDOODVWVWUHQJWK>@
,QRUGHU WR ILOO LQ WKHJDSVRI WKHSUHVHQWVFLHQWLILFEDFNJURXQGRQZKLFK WKH UXOHVIRU
GHVLJQ DQG PDLQWHQDQFH RI WKH &:5 DUH EDVHG IXUWKHU H[SHULPHQWDO LQYHVWLJDWLRQV
LQWHJUDWHG ZLWK WKRVH ZKLFK KDYH EHHQ FDUULHG RXW XQWLO QRZ DUH QHHGHG 0RUH
VSHFLILFDOO\DVSHFLILFWHVWLQJSURJUDPLVQHFHVVDU\WRFKDUDFWHUL]HWKHEDOODVWEHKDYLRXU
LQ D ZLGH UDQJH RI WUDFN FRQILJXUDWLRQV DQG WR REWDLQ UHOLDEOH UHVXOWV D IXOOILHOG
FDPSDLJQZRXOGEHSUHIHUDEOHVLQFHLWDOORZVUHSURGXFLQJWHVWLQJFRQGLWLRQVYHU\FORVH
WRWKHWUDFNVHUYLFHRQHV
,QWKLVVWXG\VRPHH[SHULPHQWDOUHVXOWVREWDLQHGE\WHVWVFDUULHGRXWRQWUDFNSDQHOVLQ
WKH ODWHUDO DQG ORQJLWXGLQDO GLUHFWLRQV DUH UHSRUWHG DQG FULWLFDOO\ GLVFXVVHG 7KLV
H[SHULPHQWDODFWLYLW\DLPVDWDQLQGHSWKXQGHUVWDQGLQJRIWKHUHODWLYHLPSRUWDQFHRIWKH
WKUHHPDLQFRQWULEXWLRQVWRWKHODWHUDODQGORQJLWXGLQDOVOLGLQJUHVLVWDQFHQDPHO\WKRVH
RIIHUHGE\ WKHFULE WKHVKRXOGHUDQG WKH VOHHSHUEDVH ,W LVSDUWRID5HVHDUFK3URMHFW
IXQGHGE\5),WRVWXG\WKHVWDELOLW\RIWKHFRQWLQXRXVZHOGHGUDLO>·@7KHPDLQ
DLPVRI WKHSURMHFWZHUHWKHEDOODVWPHFKDQLFDOFKDUDFWHUL]DWLRQLQ WKHZLGHVWSRVVLEOH
QXPEHU RI VHUYLFH FRQGLWLRQV VFHQDULRV DQG D QHZ WUDFN PRGHO IRU VWXG\LQJ WKH
WKHUPDO EXFNOLQJ DQG SRVWEXFNOLQJ WUDFN EHKDYLRXU >@ 7KH H[SHULPHQWDO
DQDO\VLV RI WKH ORQJLWXGLQDO EDOODVW FRQWULEXWLRQV LV D TXLWH LQQRYDWLYH DVSHFW RI WKLV
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For Peer Review
ZRUNVLQFHRQO\RQHRWKHUVWXG\>@WRRXUNQRZOHGJHKDVVSHFLILFDOO\GHDOWZLWKWKLV
SUREOHPRQWKHEDVHRILQVHUYLFHEDOODVWVWUHQJWKPHDVXUHPHQWV
)URP WKH FRPSDULVRQ RI GDWD DFTXLUHG E\ WKH DXWKRUV ZLWK WKRVH IURP OLWHUDWXUH
LQWHUHVWLQJ FRQVLGHUDWLRQV FDQ EH GUDZQ UHJDUGLQJ WKH HIIHFWV SURGXFHG E\ WKH WUDFN
JHRPHWU\FRQILJXUDWLRQVDQGEDOODVW FRQGLWLRQVRQ WKH UHODWLYHZHLJKWRI WKH IULFWLRQDO
FRQWULEXWLRQVWRWKHODWHUDOVWUHQJWKRIWKHWUDFN

)LHOGWHVWV
7KH H[SHULPHQWDO GDWD RI WKH SUHVHQW SDSHU ZHUH REWDLQHG IURP D WHVWLQJ FDPSDLJQ
FDUULHGRXWLQ7UDFFLDQHDUWKH&HQWUDO7UDLQ6WDWLRQLQ1DSOHVLQDQDUHDSURYLGHGE\
5), ,WDOLDQ 5DLOZD\ ,QIUDVWUXFWXUH GXULQJ WKH 5HVHDUFK 3URJUDP SUHYLRXVO\
PHQWLRQHG
7KHWUDFNSDQHOV WREHWHVWHGZHUHREWDLQHGIURPDVLQJOH WDQJHQWWUDFNDSSUR[LPDWHO\
PORQJ)LJWKDWZDVFRPSRVHGRINJ)693FRQFUHWHVOHHSHUVVSDFHGDW
PDQGNJP8,&UDLOSURILOHV7KH)693VOHHSHUVDUHPORQJDQGWKHLU
FURVVVHFWLRQDWWKHVOHHSHUHQGVKDVDEDVHRIPPDQGDQKHLJKWRIPP7KH
EDOODVWKHLJKWXQGHUWKHVOHHSHUVZDVDERXWFPZKLOHWKHEDOODVWVKRXOGHUZLGWKZDV
FP
),*85(
)LJXUH7HVWVILHOGRI7UDFFLDLQ1DSOHV
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For Peer Review

)URP WKH WUDFN OLQH VHYHQ VFHQDULRV ZHUH GHYHORSHG 7KH\ DUH DOVR VNHWFKHG LQ WKH
WHVWLQJ SODQ VKRZQ LQ )LJ  ,Q SDUWLFXODU  VFHQDULRVZHUH SUHSDUHG IRU ODWHUDO SXOO
WHVWV ZKLOH  VFHQDULRV ZHUH IRU ORQJLWXGLQDO SXOO WHVWV %RWK WKH EDOODVW GLVWULEXWLRQ
DURXQGWKHVOHHSHUVDQGWKHQXPEHURIVOHHSHUVZHUHGLIIHUHQWLQHDFKVFHQDULR

),*85(
)LJXUH7UDFNVHFWLRQLQJVFKHPHWRREWDLQWHVWVFHQDULRV

6LWHSUHSDUDWLRQ
%\PHDQVRIDWDPSLQJPDFKLQHWKHRSHUDWLRQVRIOLQLQJOHYHOOLQJDQGWDPSLQJRIWKH
WDQJHQWWUDFNZHUHLQLWLDOO\SHUIRUPHGIRUDOHQJWKRIDERXWP$IWHUZDUGVLQRUGHU
WRUHGXFHVWUHVVHVLQWKHUDLOVRIWKHWUDFNIURPZKLFKWKHSDQHOVWREHWHVWHGZHUHWREH
REWDLQHG WKHPWUDFNVHJPHQWZDVLVRODWHGE\FXWWLQJWKHUDLOVE\DGLVNVDZDQG
FUHDWLQJDFOHDUDQFHRIDERXWFP
7KHQHDFK WHVW SDQHOZDV LGHQWLILHG DORQJ WKH WUDFN(DFK HQGZDVPDUNHG E\ VSUD\
SDLQWRQWKHUDLOVKHDGVVLPLODUO\VHYHUDOSRLQWPDUNHUVZHUHVNHWFKHGRQWKHZHERI
WKHWZRUDLOVWRLGHQWLI\WKHSRVLWLRQVRIWKHKROHVIRUWKHURGRIWKHWHVWLQJIL[WXUH
$IWHUEDOODVWFRPSDFWLRQE\D'76G\QDPLFWUDFNVWDELOL]HUDOOIDVWHQHUV\VWHPVZHUH
XQVFUHZHG DQG UHWLJKWHQHG LQ RUGHU WR SHUIRUP UDLO QRUPDOL]DWLRQ )LQDOO\ WKH VKRUW
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For Peer Review
WUDFNSDQHOVZHUHFXWDQGGULOOHGUHPRYLQJWKHEDOODVWZKHUHUHTXLUHGEHWZHHQVOHHSHUV
DQGRURQWKHEDOODVWVKRXOGHU$VVKRZQLQ)LJHDFKWUDFNSDQHOZDVVHSDUDWHGE\
WKHDGMDFHQWRQHVE\WZR³LQDFWLYHVOHHSHUV´LQRUGHUWRDYRLGLQWHUDFWLRQVEHWZHHQWKH
IDLOXUHZHGJHVRI WKHEDOODVWVKRXOGHUV7KHFRQWDFWSUHVVXUHGLVWULEXWLRQVEHWZHHQWKH
VOHHSHU DQG WKH EDOODVW EHG DUH GLIIHUHQW ZKHQ WKH WUDFN LV ORDGHG DORQJ HLWKHU WKH
ORQJLWXGLQDORU WKH ODWHUDOGLUHFWLRQ UHVXOWLQJ LQDGLIIHUHQWFRQWULEXWLRQRI WKHEDVH WR
WKH WRWDO UHVLVWDQFH )RU WKLV UHDVRQ LW KDV EHHQ H[SHULPHQWDOO\ LGHQWLILHG DORQJ ERWK
GLUHFWLRQV
7KHWHVWHGVFHQDULRVDUHDVIROORZ
D IRUODWHUDOSXOOWHVWV
 VOHHSHUVVXUURXQGHGE\EDOODVWXSWRWKHXSSHUVXUIDFHOHYHOQDPHO\ZLWKFULE
DQGVKRXOGHUV%%%
 VOHHSHUVDQGEDOODVWUHPRYHGIURPWKHFULE%&%
 VOHHSHUVDQGVKRXOGHUVZHSWGRZQWRWKHVOHHSHUEDVH%%8
 VOHHSHUVDQGEDOODVWUHPRYHGIURPWKHVLGHV%&8
E IRUORQJLWXGLQDOSXOOWHVWV
 VOHHSHUVVXUURXQGHGE\EDOODVWXSWRWKHXSSHUVXUIDFHOHYHO%%%
 VOHHSHUVDQGVKRXOGHUVZHSWGRZQWRWKHVOHHSHUEDVH%%8
 VOHHSHUVDQGEDOODVWUHPRYHGIURPWKHVLGHV%&8
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For Peer Review

(TXLSPHQWDQG7HVWV\VWHP
$OOWHVWVZHUHFDUULHGRXWXVLQJWZRRUIRXUORDGLQJOLQHVIRUWKHORQJLWXGLQDODQGODWHUDO
SXOO WHVWVUHVSHFWLYHO\$WHVWLQJV\VWHPZKLFKZDVVSHFLILFDOO\GHVLJQHGWRFDUU\RXW
DOOWKHUHVHDUFKDFWLYLWLHVVFKHGXOHGLQWKHDIRUPHQWLRQHGUHVHDUFKSURMHFWZDVXVHG
,Q SDUWLFXODU WKH V\VWHP LV PRGXODU DQG LV FRQILJXUDEOH XS WR D PD[LPXP RI ILYH
ORDGLQJOLQHVRSHUDWLQJVLPXOWDQHRXVO\(DFKORDGLQJOLQHV)LJDLVFRPSRVHGE\DQ
HOHFWURPHFKDQLFDO DFWXDWRU RQH RU PRUH ORDG FHOOV GHSHQGLQJ RQ WKH WHVW
FRQILJXUDWLRQDGLVSODFHPHQWWUDQVGXFHU$FORVHGORRSGLVSODFHPHQWFRQWURORSHUDWHV
WKH DFWXDWRUV E\PHDQV RI D SURJUDPPDEOH GLJLWDO FRQWUROOHU%RWK WKH GLJLWDO FRQWURO
V\VWHPDQGWKHGDWDDFTXLVLWLRQXQLWZHUHPRXQWHGRQDKDQGVOLGLQJWUXFNWKDWDOORZHG
HDV\PRYLQJDQGUHSRVLWLRQLQJRIDOOWKHWHVWLQJHTXLSPHQWVDORQJWKHWUDFNGXULQJWKH
VFKHGXOHGDFWLYLWLHV)LJE7KHH[SHULPHQWDODSSDUDWXVKDYHEHHQIXOO\GHVFULEHGE\
WKHDXWKRUVLQDSUHYLRXVSDSHU>@
),*85(/5
)LJXUH7HVWV\VWHPWKHVHULHVRIDFWXDWRUVDDQGWKHFRQWURODQGDFTXLVLWLRQ
XQLWE

'XH WR WKH GLIIHUHQFHV EHWZHHQ WKH SUHYLRXV H[SHULPHQWDO FDPSDLJQ >@ DQG WKDW
UHSRUWHGLQWKLVSDSHUQHZLQWHUIDFHVWRFRQQHFWWKHORDGLQJV\VWHPDQGWKHWUDFNZHUH
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For Peer Review
QHHGHG ,QSDUWLFXODU DW WKHSUHVHQW WHVWLQJ VLWH WKHUHZDVRQO\ D VLQJOH WUDFNKHQFHD
UDLOURDGORDGHUZDVXVHGDVIL[HGFRQVWUDLQW+RZHYHUWKHORDGHUVKDSHGLGQRWSURYLGH
PDQ\ FRXSOLQJ RSWLRQV ZKLFKZHUH DW WKH VDPH WLPH VLPSOH FKHDS DQG TXLFN WR EH
LPSOHPHQWHG)RUWKLVUHDVRQWKHFHQWUDOSRLQWRQWKHIURQWD[OH)LJZDVFKRVHQWR
FRQVWUDLQWKHORDGLQJOLQHV'XHWRWKLVFKRLFHDEHVSRNHIL[WXUHZKLFKZDVDWWKHVDPH
WLPHHDV\WRDVVHPEOHDQGGLVDVVHPEOHYHUVDWLOH OLJKWDQGVXIILFLHQWO\VWLIIDQGVWDEOH
ZDV GHVLJQHG7KH UHVXOW RI WKLV GHVLJQ DFWLYLW\ LV WKH VWUXFWXUH VKRZQ LQ )LJ 7KH
V\VWHP DOORZV WR WUDQVIHU WKH ORDG ZKLFK LV DSSOLHG E\ WKH DFWXDWRUV DORQJ GLIIHUHQW
ORDGLQJOLQHVWRDVLQJOHSRLQWRQWKHWHVWDUWLFOHDVZHOODVWRWKHFRQVWUDLQLQJSRLQW7KH
PDLQ IHDWXUHRI WKLV V\VWHP LV WKHSRVVLELOLW\ WRFRQQHFWFKDLQV FDEOHVRU URSHVXVLQJ
RIIWKHVKHOI KRRNV ,Q DGGLWLRQ LW LV SRVVLEOH WR TXLFNO\ VSOLW LW XS EHLQJ DVVHPEOHG
XVLQJRQO\EROWVDQGPRYHIURPRQHVLWHWRDQRWKHU
),*85(
)LJXUH/RDGVWUDQVIHUULQJVWUXFWXUHKRRNHGWRDUDLOURDGORDGHU

([SHULPHQWDO5HVXOWV
8VLQJ WKH ORDGLQJ V\VWHP SUHYLRXVO\ GHVFULEHG WKH VFKHGXOHG WHVWV ZHUH FDUULHG RXW
7KHWHVWVZKLFKKDYHEHHQSHUIRUPHGXQGHUGLVSODFHPHQWFRQWUROZHUHFDUULHGRXW LQ
RUGHUWRLGHQWLI\WKHFKDUDFWHULVWLFFXUYHXQGHUVSHFLILFWUDFNFRQGLWLRQV:LWKWKLVDLP
UHJDUGOHVV WKH SODVWLFLW\ DQG WKH IDLOXUH FRQGLWLRQ RI WKH EDOODVW EHG HDFK WHVWV ZDV
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For Peer Review
FDUULHGRXWXQWLOWKHGLVSODFHPHQWYDOXHZDVDWOHDVWPP7KLVZRXOGHQVXUHWKDWWKH
FKDUDFWHULVWLFFXUYHH[SHULPHQWDOO\REWDLQHGFRXOGEHXVHGWRVHWXSHLWKHUDQXPHULFDO
RU DQ DQDO\WLFDOPRGHO WKURXJKZKLFK WKH SRVWEXFNOLQJ EHKDYLRXU RI WKH WUDFN XQGHU
WKHUPDOEXFNOLQJFRXOGEHVWXGLHG0RUHRYHUVRPHVFHQDULRVKDYHEHHQWHVWHGIXUWKHU
SXOOLQJWKHSDQHODERYHPP,QVRPHFDVHVEHIRUHWKHHQGRIWKHWHVWWKHSDQHOKDV
EHHQ XQORDGHG DQG UHORDGHG 7KLV GLYHUVLRQ IURP WKH PD[LPXP GLVSODFHPHQW DERYH
GHILQHGLVGXHWRWKHSRVVLELOLW\HLWKHUJDWKHULQJIXUWKHUGDWDUHJDUGLQJWKHYDULDWLRQLQ
VWLIIQHVVDIWHU UHDFKLQJ WKHEDOODVWSODVWLFLW\RU WRDVVHVV WKHYDULDWLRQ LQ WKHUHVLVWDQFH
DIWHUWUDFNXQORDGLQJ
7KHDSSOLHGORDGZDVUHFRUGHGGXULQJWKHODWHUDOSXOOWHVWVDORQJWKHORQJLWXGLQDOD[LVRI
HDFK VOHHSHUZKLOVW GXULQJ WKH ORQJLWXGLQDO SXOO WHVWV WKH IRUFHYDOXHVZHUHPHDVXUHG
DORQJ WKH ORQJLWXGLQDO D[HV RI WKH WZR UDLOV RI WKH WUDFN SDQHO 7KH FRUUHVSRQGLQJ
GLVSODFHPHQWVYDOXHVZHUHUHFRUGHGGXULQJWKHWHVWVDORQJWKHDERYHGHVFULEHGORDGLQJ
OLQHV
6LJQDOVRIDOOWKHVHQVRUVRIWKHH[SHULPHQWDOVHWXSZHUHDFTXLUHGDQGSURFHVVHGLQUHDO
WLPH GXULQJ WKH WHVWV LQ RUGHU WR GLUHFWO\ FRUUHODWH WKH DFTXLUHG GDWD ZLWK WKH WHVW
SDUDPHWHUV>@
)RUHDFKVFHQDULR WKHLQVWDQWDQHRXVDYHUDJHVRIERWKWKHORDGVDSSOLHGWR WKHVOHHSHUV
DQGRI WKHFRUUHVSRQGLQJ VOHHSHUV GLVSODFHPHQWVZHUHFRPSXWHG LQ UHDO WLPHGXULQJ
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WKH WHVW LQ RUGHU WR KDYH DQ DYHUDJH ORDGGLVSODFHPHQW FKDUDFWHULVWLF FXUYH WKDW ZDV
UHSUHVHQWDWLYHRIWKHEHKDYLRXURIDOOWKHVOHHSHUVRIWKHWHVWHGVFHQDULR

7UDQVYHUVDOUHVLVWDQFHWHVWVRQVKRUWWUDFNV
/DWHUDOUHVLVWDQFHWHVWVZHUHSHUIRUPHGRQWUDFNSDQHOVHDFKRQHRIWKHPFRPSRVHG
E\  VOHHSHUV DQG FKDUDFWHUL]HG E\ WKH SUHVHQFH % RU QRW RI WKH EDOODVW EHWZHHQ
VOHHSHUV&DQGRULQFRUUHVSRQGHQFHRIWKHVKRXOGHU8DVVKRZQLQ)LJV·

),*85(
)LJXUH7HVWRQ%%%VFHQDULRZLWKEDOODVWVKRXOGHUDQGEDOODVWFULE
),*85(
)LJXUH7HVWRQ%&%VFHQDULRZLWKRXWEDOODVWFULE&
),*85(
)LJXUH7HVWRQ%%8VFHQDULRZLWKRXWEDOODVWVKRXOGHU8
),*85(
)LJXUH7HVWRQ%&8VFHQDULRZLWKRXWEDOODVWFULE&DQGDWVOHHSHUVHQGV8

7KHFKDUDFWHULVWLF ORDGGLVSODFHPHQWFXUYHVREWDLQHGDYHUDJLQJ WKHFXUYHVREWDLQHGLQ
HDFKWHVWDUHUHSRUWHGLQ)LJ7KHGLIIHUHQFHLQUHVLVWDQFHYDOXHVRIIHUHGE\WKHEDOODVW
LQWKHIRXUWHVWFRQILJXUDWLRQVLVVHOIH[SODQDWRU\
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For Peer Review
6XFKGLIIHUHQFHLVDOVRTXDQWLILDEOHLQWHUPVRIWKHORDGSHDNYDOXHVUHSRUWHGLQ7DE
0RUHRYHURQWKHEDVLVRIWKHVHYDOXHVWKHSHUFHQWDJHFRQWULEXWLRQVRIIHUHGE\WKHEDVH
WKHFULEDQGWKHVKRXOGHUZHUHHVWLPDWHG7DE

),*85(
)LJXUH/DWHUDOSXOOWHVWVORDGGLVSODFHPHQWFXUYHV

7$%/(
7DEOH0HDVXUHGWUDQVYHUVDOUHVLVWDQFHSHDNYDOXHVSHUVOHHSHU)7UDQVYVOHHSHU
DQGSHUWUDFNXQLWOHQJWK)7UDQVYOLQHDUPHWUH

7$%/(
7DEOH&RQWULEXWLRQVRIWKHFULEWKHVKRXOGHUDQGWKHXQGHUVOHHSHUEDOODVWWRWKH
WUDQVYHUVDOUHVLVWDQFH

7KHSHUFHQWDJHFRQWULEXWLRQRIWKHVOHHSHUEDVHZDVHVWLPDWHGDVWKHUDWLREHWZHHQWKH
YDOXHPHDVXUHGLQ WKH%&8VFHQDULREDOODVWUHPRYHGIURPWKHVKRXOGHUDQGIURPWKH
FULEDQG WKHRQHPHDVXUHG LQ WKH%%%VFHQDULR7KHFRQWULEXWLRQVIURPWKHVKRXOGHU
DQGWKHFULEZHUHREWDLQHGFRPELQLQJWKHUHVXOWVREWDLQHGIURPIRXUVFHQDULRVQDPHO\
%%%%&%%&8%%8DFFRUGLQJWRWZRGLIIHUHQWVHW
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For Peer Review
7KHILUVWVHWRIVFHQDULRVLV%%%%&%%&87KHFRQWULEXWLRQGXHWRWKHEDOODVWRQWKH
ODWHUDO VOHHSHU VXUIDFHV FDQ EH HVWLPDWHG E\ VXEWUDFWLQJ IURP WKH YDOXH RI WKH ODWHUDO
UHVLVWDQFHPHDVXUHGLQWKH%%%VFHQDULRWKHFRUUHVSRQGLQJYDOXHPHDVXUHGLQWKH%&%
VFHQDULR VHFRQG URZ RI 7DE  7KH FRQWULEXWLRQ RIIHUHG E\ WKH VKRXOGHU FDQ EH
LGHQWLILHGXVLQJDVLPLODUSURFHGXUHWKHODWHUDOUHVLVWDQFHYDOXHRIWKH%&8VFHQDULRLV
VXEWUDFWHGIURPWKHYDOXHRIWKHODWHUDOUHVLVWDQFHPHDVXUHGLQWKH%&%VFHQDULRILIWK
URZRI7DE
7KHVHFRQGVHWRIVFHQDULRVLV%%%%%8%&87KHYDOXHVRIWKHODWHUDOUHVLVWDQFHFDQ
EHFRPSXWHGIROORZLQJDVLPLODUSURFHGXUH7KHFRUUHVSRQGLQJ UHVXOWV DUH UHSRUWHG LQ
WKHWKLUGDQGIRXUWKURZVRI7DE
7KHSHUFHQWDJHYDOXHVHVWLPDWHGXWLOLVLQJWKH%%%%&%%&8DQGWKH%%%%%8%&8
VHWRIWKUHHVFHQDULRVUHVSHFWLYHO\DUHUHSRUWHGLQWKHWKLUGDQGIRXUWKFROXPQRI7DE
7KHWZRDGRSWHGPHWKRGRORJLHVOHDGWRYHU\FORVHYDOXHVRIWKHFRQWULEXWLRQRIIHUHGE\
WKH VKRXOGHUDQGFULEEDOODVW0RUHRYHU DOWKRXJK WKHEDOODVWZDV UHPRYHGHLWKHUZLWK
PHFKDQLFDOGHYLFHVLQVRPHVFHQDULRVRUPDQXDOO\VWRQHE\VWRQHLQRWKHUVWKHYDOXHV
UHODWHGWRWKHGLIIHUHQWFRQWULEXWLRQVDUHYHU\FORVH

/RQJLWXGLQDOUHVLVWDQFHWHVWV
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For Peer Review
/RQJLWXGLQDOUHVLVWDQFHWHVWVZHUHSHUIRUPHGRQWUDFNSDQHOV(DFKRIWKHPFRQWDLQV
VOHHSHUV$VLQWKHODWHUDOWHVWVWKHEDOODVWFRQILJXUDWLRQVRIWKHVHSDQHOVZHUHGLIIHUHQW
VLQFHWKHVFHQDULRVZHUHPDGHZLWKRUZLWKRXWVKRXOGHUDQGRUFULEEDOODVW
7REHDEOHWRSHUIRUPWKHVHWHVWVZLWKRXWLQWHUIHULQJZLWKWKHDGMDFHQWVFHQDULRVDOOWKH
VOHHSHU ORFDWHGEHWZHHQ WKH ILUVW WUDFNSDQHO WREH WHVWHGDQG WKHPRYDEOHHQGVRI WKH
DFWXDWRUVZDV UHPRYHG )LJ 0RUHRYHU WZR UDLO VHFWLRQV DERXW P ORQJZHUH
UHPRYHG WRLQVHUW WZRDFWXDWRUVRI WKHWHVWLQJV\VWHPEHWZHHQWKHSDQHOXQGHU WHVWLQJ
DQGWKHFRQVWUDLQLQJSRLQWV)LJ
),*85(
)LJXUH)LUVWORQJLWXGLQDOSXOOWHVWGHWDLOVRIWKHDFWXDWRUVDQGWKHLUFRQQHFWLRQV
WRWKHUDLOV

)RUWKHVHFRQGWHVWWKHUDLOVRIWKHILUVWVFHQDULRZHUHUHPRYHGWRFRQQHFWWKHSDQHOWR
EH WHVWHG WR WKHDFWXDWRUV FRQVWUDLQHG WR WKH IL[HG WUDFNE\PHDQVRI WZRFKDLQV )LJ

),*85(
)LJXUH6HFRQGORQJLWXGLQDOSXOOWHVWGHWDLORIDFWXDWRUVOLQNDJHWRWKHVKRUW
WUDFNSDQHO

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For Peer Review
7KH WKLUG WHVWZDV FDUULHG RXW LQ D VLPLODUZD\ DV WKH VHFRQG RQH'XULQJRQHRI WKH
WKUHHWHVWVWKHSDQHOZDVXQORDGHGDQGUHORDGHGLQRUGHUWRYHULI\WKHSDWKIROORZHGE\
WKHORDGGLVSODFHPHQWFXUYHDQGDVVHVV WKHVWLIIQHVVRIWKHWUDFN$IXUWKHUDVVHVVPHQW
UHIHUVWRWKHIRUFHYDOXHUHDFKHGZKHQWKHSDQHOLVUHORDGHGVLQFHLWPXVWEHWKHVDPHDV
LWZDVEHIRUHXQORDGLQJ
7KH FKDUDFWHULVWLF FXUYHV REWDLQHG IURP WKHVH WHVWV UHSUHVHQWLQJ WKH DYHUDJH EDOODVW
UHVLVWDQFHSHUXQLW WUDFNOHQJWKDVDIXQFWLRQRI WKHWUDFNGLVSODFHPHQWDUHVKRZQLQ
)LJ7KHSHDNYDOXHVUHDFKHGLQHDFKWHVWDUHDOVRUHSRUWHGLQ7DE
%DVHGRQWKHGDWDREWDLQHGIURPWKHVHWHVWVWKHSHUFHQWDJHFRQWULEXWLRQVWRWKHJOREDO
ORQJLWXGLQDO UHVLVWDQFH RIIHUHG E\ WKH EDVH WKH FULE DQG WKH VKRXOGHUZHUH HVWLPDWHG
VHH7DEXVLQJDQDSSURDFKVLPLODUWRWKHRQHSUHYLRXVO\DGRSWHGIRUWKHWUDQVYHUVDO
VWUHQJWKV

),*85(
)LJXUH/RQJLWXGLQDOSXOOWHVWVORDGGLVSODFHPHQWFXUYHV

7$%/(
7DEOH0HDVXUHGORQJLWXGLQDOUHVLVWDQFHSHDNYDOXHVSHUVOHHSHU)/RQJVOHHSHU
DQGSHUWUDFNXQLWOHQJWK)/RQJOLQHDUPHWUH

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For Peer Review
7$%/(
7DEOH&RQWULEXWLRQVRIWKHFULEWKHVKRXOGHUDQGWKHXQGHUVOHHSHUEDOODVWWRWKH
ORQJLWXGLQDOUHVLVWDQFH

'LVFXVVLRQ
7KHREWDLQHGUHVXOWVZKHQFRPSDUHGZLWKWKRVHIURPWKHOLWHUDWXUHZHOOKLJKOLJKWWKH
VWURQJ LQIOXHQFHH[HUWHGERWKE\ WKHPHDVXULQJPHWKRG WKHFRUUHVSRQGLQJ HTXLSPHQW
DGRSWHGIRUWKHLQYHVWLJDWLRQVDQGWKHVSHFLILFEDOODVWFRQGLWLRQVRI WKHWHVWVLWHRQWKH
VFDWWHURIWKHH[SHULPHQWDOGDWD
,Q7DE  IRU H[DPSOH WKH SHDN YDOXHV IRU XQORDGHG WUDFNV RI WKH EDOODVW WUDQVYHUVDO
UHVLVWDQFH DFTXLUHG GXULQJ WKH WHVWV RQ WKH %%% WUDFN SDQHO DQG WKRVH RI D SUHYLRXV
WHVWLQJ FDPSDLJQ FDUULHG RXW RQ VLPLODU VFHQDULRV >@ ZKHUH WKH5),  WLHVZHUH
XVHG LQVWHDG RI WKH )693 WLHV DGRSWHG LQ WKH VFHQDULRV RI WKH SUHVHQW SDSHU DUH
UHSRUWHG 7KH\ JLYH DQ LGHD RI WKH DIRUHPHQWLRQHG VFDWWHU 7KH HYLGHQW GLIIHUHQFHV
EHWZHHQWKHWZRVHWRIVWUHQJWKYDOXHVVKRXOGGLVVXDGHDQ\RQHIURPXVLQJOLWHUDWXUHGDWD
ODFNLQJ RI SUHFLVH LQIRUPDWLRQ DERXW WKH UHIHUHQFH VFHQDULR DQG WKH DGRSWHG
H[SHULPHQWDOSUDFWLFH
+RZHYHUQHLWKHU WKHVFDWWHUTXDQWLILFDWLRQQRUWKHDQDO\VLVRILWVPDLQVRXUFHVDUH WKH
FHQWUDO SXUSRVH RI WKH SUHVHQW ZRUN ,QVWHDG WKH SUHVHQWHG H[SHULPHQWDO DFWLYLW\ KDV
EHHQ FDUULHG RXW HVVHQWLDOO\ LQ RUGHU WR FROOHFW GDWD E\ ZKLFK WKH LQGLYLGXDO VWUHQJWK
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FRQWULEXWLRQV IURP WKH FULE WKH VKRXOGHU DQG WKH XQGHU VOHHSHU EDOODVW WR WKH JOREDO
UHVLVWDQFH RI WKH WUDFN LQ WKH KRUL]RQWDO SODQH FDQ EH HYDOXDWHG DQG WR JHQHUDOL]H WKH
REWDLQHGUHVXOWVWRVFHQDULRVVLPLODUWRWKHWHVWHGRQHV
7ZRRWKHUFRPSDULVRQVZLWKGDWDWDNHQIURPWKHOLWHUDWXUHDUHV\QWKHVL]HGLQ7DEOHV
DQGZKHUHWKHODWHUDODQGORQJLWXGLQDOSHUFHQWUHVLVWDQFHFRQWULEXWLRQYDOXHVRIWUDFN
SDQHOV WHVWHG LQ IXOO ILHOG FRQGLWLRQV >@ DUH FRPSDUHG ZLWK WKRVH REWDLQHG LQ WKH
SUHVHQWVWXG\DQGLQ7DEOHZKHUHWKHODWHUDOFRQWULEXWLRQVREWDLQHGLQODERUDWRU\ZLWK
WKH6737WHFKQLTXH>@DUHFRPSDUHGZLWKILHOGGDWDIURP'&337WHFKQLTXHXWLOL]HG
LQWKLVVWXG\
,Q >@ DV H[SHFWHG WKH FRQWULEXWLRQV DUH TXLWH GLIIHUHQW GXH WR WKH GLIIHUHQW
JHRPHWULFDOSDUDPHWHUVRIWKHWUDFNVWKHGLIIHUHQWEDOODVWW\SHDQGJUDGLQJFXUYH

7$%/(
7DEOH0HDVXUHGODWHUDOUHVLVWDQFHSHDNYDOXHV

7$%/(
7DEOH&RPSDULVRQRIWKHFRQWULEXWLRQVWRODWHUDOUHVLVWDQFHZLWKWKRVHRI(55,
>@DQGWKRVHRI/H3HQDQG3RZULH>@

7$%/(
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7DEOH&RPSDULVRQRIWKHFRQWULEXWLRQVWRORQJLWXGLQDOUHVLVWDQFHZLWKWKRVHRI
(55,>@

7KHGLIIHUHQFHVREVHUYHGLQWKHFULEUHVLVWDQFHFRQWULEXWLRQFDQEHH[SODLQHGLQWHUPVRI
WKHIDLOXUHPHFKDQLVP&ULEUHVLVWDQFHLVHVVHQWLDOO\UHODWHGWRWKHVOLSHQHUJ\GLVVLSDWHG
E\IULFWLRQHLWKHURQWKHVLGHVRIWKHVOHHSHURURQDVOLSVXUIDFHOHYHOZLWKWKHEDVHRI
WKHVOHHSHUVZLWKLQWKHEDOODVWDFFRUGLQJWRWKHIDLOXUHPHFKDQLVPWKDWRIIHUVWKHOHVVHU
UHVLVWDQFH >@ ,Q RXU FDVH WKH ILUVW PHFKDQLVP ZDV REVHUYHG ZKHUHDV LQ >@ QR
GHWDLOVDUHJLYHQDERXW WKLVDVSHFWZKLFKRQFHDJDLQKLJKOLJKWV WKHQHHGRIDGHWDLOHG
GHVFULSWLRQ ERWK RI WKH WHVWLQJ FRQGLWLRQ DQG RI WKH H[SHULPHQWDO REVHUYDWLRQV RI WKH
IDLOXUHPHFKDQLVPV WKDWZDNHVXSZKHQ WKHFULWLFDOFRQGLWLRQV DUH DWWDLQHG$V LQ WKH
FDVHRIFULEEDOODVWIDLOXUHLQIDFWLIWKHH[SHULPHQWDOWHVWILHOGLVPDGHRISRRUEDOODVW
PDWHULDOV LQWHUQDO EDOODVW IDLOXUH GXH WR ORZ LQWHUQDO IULFWLRQ FRHIILFLHQWZLOO SUREDEO\
RFFXUZKLFKLQWXUQZRXOGHUURQHRXVO\XQGHUHVWLPDWHWKHVOHHSHUEDOODVWVWUHQJWKLIIRU
LQVHUYLFHWUDFNVPRUHUHILQHGEDOODVWPDWHULDOVDUHDGRSWHG
,Q>@ZKHUHWKHWHVWLQJFRQGLWLRQZHUHUHSUHVHQWDWLYHRIIUHVKO\ODLGEDOODVWWKHUDWLR
/9ZKHUH/LVWKHSHDNUHVLVWDQFHRIWKHEDVHFRQWULEXWLRQLQWKHODWHUDOGLUHFWLRQDQG9
LV WKHYHUWLFDO ORDGRQ WKHVOHHSHUDWWDLQV WKHPHDQYDOXHRIDERXWVHH7DEOH
)RUWKHWUDFNVHFWLRQFRQVLGHUHGLQWKLVVWXG\NJ)693W\SHVOHHSHUVVSDFHGRI
PDQGNJP8,&UDLOVWKHZHLJKWRIWUDFNSHUVOHHSHULV9§1
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 ZHLJKW RI IDVWHQHUV ZKHUHDV WKH SHDN YDOXH RI WKH EDVH FRQWULEXWLRQ/ ZDV
H[SHULPHQWDOO\IRXQGWREHHTXDOWR1VHH7DEOHVDQGWKLV OHDGWR/9§
ZKLFKLVRQO\DERXWVPDOOHUWKDQWKHYDOXHUHSRUWHGLQ>@
$OVR IRU WKH FULE UHVLVWDQFH D TXLWH JRRG DJUHHPHQW ZLWK WKH UHVXOWV RI >@ FDQ EH
DSSUHFLDWHGVHHVHFRQGURZRI7DEOHEHLQJRQO\DERXWWKHSHUFHQWGLIIHUHQFH
EHWZHHQUHVXOWVIURP>@DQGWKHYDOXHZHKDYHPHDVXUHG0RUHRYHUWKLVYDOXHIXUWKHU
UHGXFHV LIZHFDOFXODWH WKHFULEFRQWULEXWLRQZLWK WKHVDPHSURFHGXUH UHSRUWHG LQ >@
ZHGLGLWLQWZRZD\VLQVXEVHFWLRQDVVKRZQLQWKHVHFRQGDQGWKLUGURZRI7DEOH
DQGWKHYDOXHRI1UHSRUWHGLQ WKHVHFRQGURZRI7DEOHLV WKHPHDQYDOXH
REWDLQHGE\DYHUDJLQJWKHUHVXOWVRIWKHWZRPHWKRGVQDPHO\E\VXEWUDFWLQJWKH%&8
FXUYH RQO\ EDVH FRQWULEXWLRQ IRXUWK URZ RI 7DEOH  IURP WKDW REWDLQHG GXULQJ WKH
%%8WHVWEDVHDQGFULEFRQWULEXWLRQVWKLUGURZRI7DEOHLQWKLVFDVHLQIDFWDYDOXH
RI1 LV IRXQGDV UHSRUWHGLQ WKH WKLUG URZRI7DEOHZKLFKFRUUHVSRQGV WRD
RQO\GLIIHUHQFHZLWKUHVSHFW WR WKHUHVXOWVRI>@0RUHRYHU LIZHPXOWLSO\WKLV
YDOXHE\WKHUDWLREHWZHHQWKHOHQJWKVRIWKHVOHHSHUVXWLOL]HGUHVSHFWLYHO\LQ>@DQG
LQWKLVVWXG\QDPHO\ EHLQJPWKHOHQJWKRIWKHVOHHSHUXWLOL]HGLQ
>@ DQG  P WKDW RI WKLV VWXG\ D FULE UHVLVWDQFH RI î §  1 LV
REWDLQHGZKLFK LV\HW LQJRRGDJUHHPHQW ZLWKDGLIIHUHQFHRIZLWKWKHYDOXHRI
1IRXQGLQ>@
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WKLVGLIIHUHQFH UHGXFHV LIZHFRQVLGHU WKH VDPHSURFHGXUHDGRSWHG LQ >@QDPHO\E\
VXEWUDFWLQJWKH%&8FXUYHIRXUWKURZRI7DEOHIURPWKDWREWDLQHGGXULQJWKH%&%
WHVWEDVHDQGVKRXOGHUFRQWULEXWLRQVVHFRQGURZRI7DEOHIROORZLQJWKLVPHWKRGD
VKRXOGHUUHVLVWDQFHRI1LVIRXQGVHHILIWKURZRI7DEOHZKLFKLVDERXW
VPDOOHU WKDQ WKH YDOXH IRXQG LQ >@ +RZHYHU LI LW LV DVVXPHG WKDW VKRXOGHU IDLOXUH
PHFKDQLVPGHSHQGVRQWKHH[WHQVLRQRIEDOODVWIDLOXUHZHGJHVDQGWKDWWKHVHDUHDVDUH
SURSRUWLRQDOZLWKDVDPHIDFWRUWRWKHFURVVVHFWLRQSHULPHWHURIWKHVOHHSHUHQGIDFHLW
VHHPVFRUUHFWIRUGDWDFRPSDULVRQZLWK>@WRIXUWKHUPXOWLSO\WKHDERYHYDOXHE\WKH
UDWLR RI FURVVVHFWLRQ SHULPHWHUVȆ/33ȆWV ZKHUHȆ/33   î    FP VHH
7DEOH  LQ >@ DQGȆWV   î    FP VHH VHFWLRQ  DUH UHVSHFWLYHO\ WKH
FURVVVHFWLRQSHULPHWHURIWKHVOHHSHUHQGIDFHXWLOL]HGE\/H3HQDQG3RZULH>@DQG
WKDWRIWKLVVWXG\IROORZLQJWKLVDSSURDFKDYDOXHRI1LVREWDLQHGZKLFKLVDERXW
VPDOOHUWKDQWKHYDOXHIRXQGLQ>@
&RQFHUQLQJ WKHGLIIHUHQFHVREVHUYHG LQ WKH VKRXOGHUFRQWULEXWLRQV LW LVZRUWKZKLOH WR
REVHUYHDOVRWKDWWKHDGRSWHGH[SHULPHQWDOSUDFWLFHPD\KDYHDVWURQJLQIOXHQFHRQWKH
YDOXH RI WKH VKRXOGHU VWUHQJWK:KHQ WHVWV DUH FDUULHG RXW DFFRUGLQJ WR WKH VLQJOH WLH
SXVK WHVW 6737 DV GRQH LQ >@ VKRXOGHU UHVLVWDQFH LV XVXDOO\ KLJKHU WKDQ WKDW
REWDLQHGE\SXOOWHVWVRQFXWSDQHOVFRQWDLQLQJVHYHUDOVOHHSHUV>@7KLVLVSUREDEO\
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GXHWRWKHLQWHUDFWLRQVEHWZHHQWKHGLIIHUHQWEDOODVWIDLOXUHZHGJHVRIDGMDFHQWVOHHSHUV
%RWK WKH H[SHULPHQWDO DQG QXPHULFDO VWXGLHV VKRZ WKDW WKH VKRXOGHU UHVLVWDQFH
FRQWULEXWLRQGHSHQGVVWURQJO\RQWKHVKRXOGHUZLGWKZKLOVWUHVXOWVUHODWHGWRWKHHIIHFWV
RIWKHVKRXOGHUKHLJKWDUHFRQWURYHUVLDO,QH[DPSOHQXPHULFDOUHVXOWVUHSRUWHGLQ>@
VKRZWKDWDQLQFUHDVHLQKHLJKWRIDEDOODVWVKRXOGHUZLOOLQFUHDVHWKHLQLWLDOVWLIIQHVVRI
WKHEDOODVWEXWKDVQRLQIOXHQFHRQWKHSHDNUHVLVWDQFH&RQYHUVHO\VKRXOGHUUHVLVWDQFH
FXUYHV H[SHULPHQWDOO\ REWDLQHG E\ /H 3HQ DQG 3RZULH >@ SRLQWHG RXW WKDW WKH
UHVLVWDQFHSHDNYDOXHLVKLJKHUDVJUHDWHULVWKHVKRXOGHUKHLJKW

&RQFOXVLRQV
'XULQJ WKH QXPHULFDO DQG H[SHULPHQWDO DFWLYLWLHV RQ WKH WKHUPDO VWDELOLW\ RI WKH
FRQWLQXRXVZHOGHGUDLO WUDFNSDUWLFXODU W\SHVRIILHOGWHVWVIRU WKHPHDVXUHPHQWRI WKH
FRQWULEXWLRQVRIIHUHGE\WKHEDOODVWVXUURXQGLQJWKHVOHHSHUWRWKHWUDFNUHVLVWDQFHLQWKH
ODWHUDODQGORQJLWXGLQDOGLUHFWLRQVZHUHFDUULHGRXW$OWKRXJKORQJLWXGLQDOVWUHQJWKLVD
NH\IDFWRUIRUWKHUPDOWUDFNEXFNOLQJSKHQRPHQRQWKHUHLVOLPLWHGOLWHUDWXUHLQWHUPVRI
EDVHFULEDQGVKRXOGHUFRQWULEXWLRQVWRJOREDOUHVLVWDQFH
)RUWKHVOHHSHUW\SHDQGVSDFLQJRIWKLVVWXG\ZLWKEDOODVWLQORRVHWDPSHGFRQGLWLRQVLW
ZDVIRXQGWKDWIRUXQORDGHGWUDFN
 WKHFRQWULEXWLRQVRIFULEEDVHDQGVKRXOGHUDUHUHVSHFWLYHO\DERXW
DQGRIWKHWRWDOODWHUDOUHVLVWDQFH
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DQGRIWKHWRWDOORQJLWXGLQDOUHVLVWDQFH
&RPSDULVRQRIWKHODWHUDOFRQWULEXWLRQVZLWKGHWDLOHG6737ODERUDWRU\GDWDWDNHQIURP
OLWHUDWXUHVKRZVDJRRGDJUHHPHQWZLWKWKHRQO\H[FHSWLRQRIWKHVKRXOGHUZKLFKZDV
IRXQGVPDOOHULQWKHWHVWVRIWKLVVWXG\7KLVLVFRQVLVWHQWZLWKOLWHUDWXUHILQGLQJVEHLQJ
WKHUHVXOWVRIWKH6737WHFKQLTXHDIIHFWHGE\WKHERUGHUHIIHFWVGXHDGMDFHQWVOHHSHUV
2WKHUFRPSDULVRQVZLWKOLWHUDWXUHDOVRKLJKOLJKWHGWKHQHHGRIGHWDLOHGGHVFULSWLRQERWK
RIWKHWHVWLQJFRQGLWLRQDQGRIWKHH[SHULPHQWDOREVHUYDWLRQVRIWKHIDLOXUHPHFKDQLVPV
WKDWZDNHV XSZKHQ WKH FULWLFDO FRQGLWLRQV DUH DWWDLQHG )RU WKHVH UHDVRQV WKH XVH RI
H[SHULPHQWDO UHVXOWV IURP VFHQDULRV WKDW GR QRW UHSURGXFH SUHFLVHO\ DFWXDO WUDFN
FRQGLWLRQVRUWKDWDUHQRWIXOO\GHWDLOHGKDVWREHDYRLGHG

$FNQRZOHGJPHQWV
7KHDXWKRUVZLVKWRWKDQN6WHIDQR/LVLRI5),5RPHWKH5HJLRQDO'LUHFWLRQRI5),
1DSOHVDQG*LXVHSSH)DUQHWLRI,WDOFHUWLIHU5RPHIRUWKHLUYDOXDEOHDGYLFHVDQG
VXSSRUWVRQWKLVVWXG\

5HIHUHQFHV
>@.HUU$'/DWHUDO%XFNOLQJRI5DLOURDG7UDFNVGXHWR&RQVWUDLQHG7KHUPDO([SDQVLRQV$
&ULWLFDO6XUYH\,Q$'.HUUHG5DLOURDG7UDFN0HFKDQLFV	7HFKQRORJ\3URFHHGLQJRI
D 6\PSRVLXP +HOG DW 3ULQFHWRQ 8QLYHUVLW\ $SULO   3HUJDPRQ 3UHVV 
SS±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